Observations were made on the tension development by helical strips of vascular smooth muscle from rabbit aorta and mesenteric artery. Based on the possibility that the pump which moves calcium into the cell coupled with sodium efflux, recently described for squid axon (l), exists also in vascular smooth muscle, studies were designed to evaluate changes in its activity in this muscle. Sodium competes with calcium for the carrier at the cell surface, hence the pump moves calcium into the cell more rapidly in a sodium-free medium. The strips developed more tension in a sodium-free solution, as if more ionized calcium were being delivered to the cell.
INTRODUCTION
Ringer (22) alerted the biological world to the fact that shifts in concentration of specific electrolytes predictably alter the mechanical response of muscle. In the intervening century, studies relating changes in contractility to specific shifts in electrolyte concentration have been popular because of the potent effect of these shifts and because of the interesting individualities of the effects of these alterations on contractility of different types of muscles. Such studies on vascular smooth muscle have received additional impetus from the observation that vascular resistance in the hypertensive patient is manipulable by the amount of ingested sodium. Attempts to organize the accumulating masses of information dealing with electrolytes and vascular smooth muscle contraction have been made in several recent reviews (4, 13, 23) .
The golden fleece of this quest has been understanding of mechanisms by which shifts in electrolyte concentration are capable of altering the ability of the muscle to develop tension. One small bit of this fleece has been found and is now secure in biological literature: the free calcium ion is the essential final common requirement for all muscle contraction. The amount of tension developed by the contractile protein is a direct function of the concentration of this ion to which it is exposed; the concentration of calcium in the cell which will transform the muscle from one with no active tension to one with maximal active tension is extremely low (12) . The quest has now shifted to one of understanding the mechanism by which changes in extracellular and intracellular ' concentrations of sodium, potassium, calcium, and magnesium alter the concentration of the calcium that plays this important regulatory role in the final common pathway. This orientation of the quest implies that any effective shift in concentration of an electrolyte produces its effect on muscle contraction only by its ability to alter the concentration of free ionized calcium in the environment of the contractile protein. For completeness it must be recognized that electrolyte shifts might alter other rate-limiting processes for muscle contraction; for instance, the electrolyte shift might influence the level of activity of metabolic pathways leading to the production of the energy source for contraction (ATP). Alternatively, the possibility must be considered that tension development by the contractile protein may be influenced by specific ions other than calcium. Magnesium is certainly required but under physiological conditions its intracellular concentration is probably supraoptimal so that it is not rate-limiting for tension development. Consideration of these mechanisms by which electrolyte shifts might alter tension development, other than through an effect they might have on calcium concentration are necessary only for completeness. There is no good evidence that these alternative rate-limiting mechanisms for tension are influenced by shifts in electrolyte concentration.
Although there is no evidence that physiologically occurring ions other than calcium and magnesium have a specific influence on tension development by contractile protein, tension is critically dependent on total ionic strength regardless of the species of ion (19) .
Recognizing that under physiological conditions the determinant and final common pathway for tension development is the concentration of free ionized calcium in the environment of the myofilaments and, noting that shifts in any of the four important physiologically occurring cations (sodium, potassium, magnesium, and calcium) are capable of altering tension development, the question that emerges is: How does a shift in a particular ion concentration either intracellularly or extracellularly alter the concentration of the free ionized calcium at its active site? All answers to this question deal with the influence that the ion has on some property of the cell membrane or sarcoplasmic reticulum.
With the current intrusion of knowledge into the electrophysiological workings of the membrane, the most popular hypothesis accounting for the effect of an electrolyte shift on calcium availability to the contractile protein is that this shift produces a change in membrane excitability. Based on what is known of transmembrane concentration gradients of electrolytes and of specific ion permeabilities, mechanisms are described which would cause a decrease in transmembrane voltage, thereby increasing the excitability of the membrane by bringing it closer to a "critical firing potential". One obvious means by which this could be done is through an increase in extracellular potassium concentration. It has been shown by direct observation that the membrane potential of vascular smooth muscle is an appropriate function of the [K]i : [K] , ratio (20) . In smooth muscle, to a much greater extent than in cardiac and skeletal muscle, the membrane potential is influenced by the transmembrane concentration gradient of sodium. This is true since membrane permeability to sodium is much higher in the nonstriated muscle (16) . For this reason it is to be anticipated that an elevation in the [Na],, : [Na], ratio might significantly decrease resting membrane potential and therefore increase excitability. Also potent in altering membrane potential is the effect that specific ions have on the permeability of the membrane to ions whose transmembrane gradient is contributing to the membrane potential. Of the physiologically occurring ions, calcium is the most effective manipulator of membrane permeability. An increase in the amount of calcium in the membrane brings about stabilization and a decrease in excitability (3, 9) .
The oscillatory process of membranes is also acutely sensitive to the electrolyte environment. The pacemaker activity of the vascular smooth muscle cell is highly dependent on its ionic environment (5) . Changes in frequency of firing that result from shifts in electrolyte concentration are important determinants of the amount of tension developed by some vascular smooth muscle.
This summary of the role of membrane excitability and its influence on tension development is based on the classical electrophysiological concepts related to the generation of an action potential as a prerequisite for tension development. Strong evidence has been outlined recently which argues that vascular smooth muscle has physiologically important nonelectrical activation pathways (6, 24) . The influence of electrolytes on these nonelectrical pathways for activation and contraction has not been worked out, but may have electrolyte dependencies which are very similar to those for the classical electrical activation pathways.
Membrane excitability, as it has been dealt with in the preceding paragraph, has been based on more or less passive phenomena of diffusion potentials and specific membrane permeability to different ion species. Active energy-requiring processes have been recognized as being involved in several ways in membrane excitation and tension development: (1) Active pumps are essential in establishing the transmembrane concentration gradient of ions which is responsible for the diffusion potentials. (2) Active translocation of a single ion from one side of the membrane to the other without a coupled movement of an ion of similar charge in the opposite direction will lead to a charge separation (electrogenic pump) (11) . (3) Finally, an energy-requiring process (either an active pump or active binding) is essential for the production of relaxation by lowering of calcium in the environment of the myofilament to a level below which the contractile process is not activated (17) .
A recent study by Baker et al. (1) has characterized a type of transmembrane electrolyte pump which may have a much more direct and potent influence on the contractile process than do those considered in the preceding paragraph. These investigators have demonstrated that in the membrane of the squid axon there exists an active transmembrane electrolyte pump which couples sodium efflux to calcium influx. Variables which alter the activity of this pump produce parallel changes in sodium efflux and calcium influx. In the squid axon a sodium-potassium pump which is ouabain sensitive is more potent in producing sodium extrusion than is the sodium-calcium pump. The directions of ionic movement produced by these two pumps are shown in Fig. 4 ; the sodium-potassium pump above and the sodium-calcium in the middle. A third system which may h!ave a direct influence on the contractile process is a calcium-sodium exchange system in which the extrusion of calcium from the cell is energized by the movement of sodium into the cell down its electrochemical gradient. This is the lowermost pump illustrated in Fig. 4 . The goal of the current study was to make observations which would evaluate possible applicability of these three pumps to the control of the contraction of vascular smooth muscle. Of particular interest was the possibility that the calcium influx from the sodium-calcium pump might be directly available to the contractile protein and hence to tension development.
METHODS
Mesenteric arteries (400-500 p od) and aortas were removed from rabbits weighing 2-3 kg. Helical strips were cut from both vessels, those from the aorta were 10 mm long and 1.5 wide; those from the mesenteric artery were approximately 5 mm by .3 mm. The helical strips were suspended at 37" and pH 7.4 in physiological salt solution (PSS) of the following composition, expressed in millimoles per liter: NaCl, 130.0; KCl, 6.0; MgC&, 1.2; CaC12, 1.6; Tris (hydroxymethy) aminomethane, 5.0, neutralized to pH 7.4 with HCl; glucose, 5.5; sucrose, 60.0; CaNa EDTA, 0.026. An identical solution was made in which LiCl was substituted for the NaCl (sodium-free solution). Prior to use the solutions were equilibrated with oxygen at atmospheric pressure. The strip of mesenteric artery was stretched to a resting tension of approximately 200 mg and the aorta was stretched to 600 mg. Strips were allowed to equilibrate in the PSS for at least 2 hr before experimental conditions were introduced. Isometric tension was recorded by means of a Grass FT-03 linear-force transducer in connection with a Grass polygraph recorder. The vascular smooth muscle was stimulated with norepinephrine in concentrations which would give approximately l/2 maximal tension. Ouabain was made up in an aqueous stock solution (lop3 M) and added to the bath to give a concentration of 10e5 M which in the squid axon has been demonstrated to block the sodium-potassium pump, but have no effect on the sodium-calcium pump (1).
RESULTS
Sodium-free solution. An essential feature of the sodium-calcium pump described by Baker et al. (1) is that the carrier which picks up calcium from the external environment may also be occupied by sodium. These investigators observed that removal of sodium from the external environment led to a great increase in both calcium influx and sodium efflux, presumably because the external carrier had access to more calcium. If such a system were effective in increasing the calcium available for the contractile process, it would be predicted that the absence of Na, should potentiate a contractile response. Results in the current experiment are in keeping with the efficacy of such a mechanism. Responses of both mesenteric artery and aortic vascular smooth muscle to norepinephrine were potentiated when sodium was replaced by Li. Results in vascular smooth muscle from these two different sources were qualitatively similar ( Figs. 1 and 2) .
In the experiments shown in Figs. 1 and 2 , the bath was changed from sodium to sodium-free 30 set before the muscle was stimulated with norepinephrine. From these observations and from studies in which the time requirement for this potentiating effect was determined the potentiating effect seemed to be immediate (within seconds after the external sodium had been replaced with Li). This suggests that the sodium-calcium pump immediately facilitates the contractile event produced by norepinephrine and raises the question of whether this contractile event may be dependent in part on a norepinephrine facilitation of this pump.
In the absence of norepinephrine a change from sodium salt solution to a sodium-free solution initiates a contraction of the mesenteric artery within 1.5 min. It would appear that the pump is effective in producing a threshold elevation in ionized calcium within the cell without further stimulation. Contraction develops more slowly in the aorta placed in a sodium-free solution.
It was further observed that in the presence of the sodium-free bath, relaxation of either type of vascular smooth muscle was greatly delayed or prevented (Fig. 2) . This delay would be anticipated if the removal of ionized calcium from the environment of the myofilaments were delayed by a failure of a calcium-sodium exchange system (lowermost pump in Fig. 4 ) in which the movement of sodium into the cell is necessary to drive calcium out or into a membrane trap. In Fig. 2 it is evident that the substitution of sodium for Li in the bath initiated a fall in tension within 1.5 min.
Iy-.. J--A y( tt Ouabain. In the consideration of active pumps involved in transmembrane flux of electrolytes, Baker et al. (1) emphasized that in the squid axon the sodium-potassium pump (uppermost pump in Fig. 4 ) is probably the most potent. This pump is poisoned by ouabain. When the pump is turned off by this glycoside, sodium accumulates intracellularly. This elevation in intracellular sodium concentration speeds up the pumping acl:ion of the sodium-calcium exchange system (middle pump, Fig. 4) leading
2. Aorta; effect of sodium-free solution (Li substituted) on norepinephrine response and on rate of relaxation. The superimposition of the response in the sodium-free barh emphasizes the greater tension development and lower rate of relaxation displayed by this muscle. R = bath rinsed. When the strip which had responded in a sodium-free bath was placed in control bath, a more abrupt relaxation commenced.
to an increase in calcium influx. If this added calcium is delivered in an ionic form to the environment of the myofilaments a change in the mechanical response would occur. The effects of ouabain on the contractile response and on the baseline tension of smooth muscle from the mesenteric artery are illustrated in Fig. 3 . The effects of ouabain on smooth muscle from the aorta are similar, but less pronounced. Introduction of ouabain 30 set before the second injection of norepinephrine in Fig. 3 caused a rapid potentiation
It- of the response. There was no change in the fast component of the response to norepinephrine that occurred within the first 5 set, but subsequent tension which in the control response tended to diminish over a 3-min period, underwent a marked increase. This observation is compatible with the possibility that the initial fast component of the response is independent of the sodium-calcium pump, but that the subsequent maintenance of tension reflects calcium being delivered to the myofilaments by the sodiumcalcium pump. Following the initial response in the presence of ouabain, relaxation was 4 . Schematic mode1 illustrating hypothetical pump systems (or exchange diffusion) responsible for the effects observed in the current study. In each cell three pumps are illustrated: the uppermost is a ouabain-sensitive pump which exchanges sodium for potassium; the middle pump, a sodium-calcium exchanger, may be accelerated by either removal of external sodium which competes with calcium for a carrier or by increasing the concentration of intracellular sodium by poisoning the ouabain-sensitive sodium-potassium pump; the lowermost exchange system, which may be driven by the transmembrane concentration gradient of sodium, is pictured as being responsible for calcium efflux. rapid and complete. However, within 15 min and prior to the second stimulation with norepinephrine, some spontaneous tone developed. This would be expected if the intracellular sodium concentration had increased to a point where the sodium-calcium pump was effective in developing a threshold concentration of calcium inside the cell. Subsequent responses to norepinephrine were further potentiated, again suggesting that the norepinephrine response may be augmented by a facilitation of this pump. When ouabain was washed from the bath after 35 min the baseline tension gradually fell to a control level, presumably reflecting a change in intracellular sodium concentration and hence removing the drive of the sodium-calcium pump which had been responsible for elevating the concentration of ionized calcium inside of the cell.
DISCUSSION
Tension changes that have been observed in the current study are in accord with the possibility that various pumps transport electrolytes across the membrane of the vascular smooth muscle and may play a direct role in altering the concentration of ionized calcium inside of the cell and hence in tension development. The observations can be interpreted largely in terms of what would be expected by alterations of a pump which couples sodium efflux to calcium influx. Such a pump has been described in the squid axon membrane (1) . Because sodium and calcium compete for the influx system of this pump, calcium influx is exaggerated in a sodium-free environment. We have observed that such an environment not only potentiates a norepinephrine response, but also is capable of producing a gradual increase in tension without external stimulus. Further support for the role that this pump may play in the development of tension is seen when the sodium-calcium pump is driven from the inside by an increase in intracellular sodium concentration. This presumably can be achieved by ouabain poisoning of the sodium extrusion system (sodium-potassium pump). Here again evidence for an increase in available ionized calcium (tension development) occurred in a time pattern that suggests that it is responding to an increase in intracellular sodium concentration.
The current interpretation based on the contribution of active pumping to the tension development in smooth muscle is supported by observations which demonstrate that these pumps in this tissue are capable of rapid movement of sodium and calcium (7, 14) .
Observations in the present study suggesting an important role of the active pumps in the contractile process of the vascular smooth muscle, receive strong support from the literature. Over a decade ago we noted that the response of the rabbit aorta was potentiated by a reduction in sodium concentration and depressed by an elevation in concentration of this ion (2) . Most directly supportive of the role of the sodium-calcium pump in tension development are the studies by Briggs and Melvin, who observed that when rabbit aortic strips were exposed to a low sodium concentration, calcium influx increased by 225 % and contracture developed (7) .
Also supportive of the competition that exists between sodium and calcium for the influx pathway in the sodium-calcium pump of smooth muscle is the observation by Goodford (15) that the concentration of calcium in the taenia coli is increased when sodium is removed from the bathing medium. That this system is of significance in various tissues is suggested by Niedergerke's (21) observation that extra calcium influx per beat in the frog ventricle increased when sodium concentration of the salt solution was reduced to 50%. A similar increase in influx could be achieved by doubling the calcium concentration while holding sodium concentration constant. Both environmental changes produced a positive inotropic effect which appeared to reflect the observed increases in calcium influx. He interprets this observation as indicating that calcium competes with sodium for a system that moves the calcium into the cell.
Evidence developed from the use of cardiac glycosides extensively supports the importance of the sodium-calcium pump in the determination of tension development. Leonard (18) observed that strophanthidine both potentiated the response of helical strips from the rabbit carotid artery (electrical stimulation) and caused a contracture. Although he attributed these effects to a different mechanism, they are entirely in accord with our current observations. Brinley (8) observed that strophanthidine reduced sodium efflux by 80-90 y0 and caused contracture of the barnacle muscle. In this giant muscle cell he was able to control intracellular sodium concentration by microinjection or external loading. With this technique he found that there was a strophanthidineinsensitive system capable of producing sodium efflux and that activity of this system was greatly increased as the concentration of sodium inside of the cell was increased.
In his recent review of factors governing movement of ions, Caldwell (10) cites specific evidence supporting the possibility that ouabain causes an increase in calcium influx associated with inhibition of the active movement of potassium and sodium. He points out that an increase in intracellular sodium would activate a sodium-calcium pump thereby increasing calcium entry.
Clearly, the current results can constitute no more than indirect suggestions that ionic exchange systems which have been identified in the squid axon may have relevance in the contractile process of vascular smooth muscle. There is broad support, however, for a direct role of a sodium-calcium pump in determining the concentration of intracellular ionized calcium and hence in establishing the level of contraction of vascular smooth muscle. The effect that shifts in electrolyte concentrations may have on the activity of this pump must therefore be reckoned with, in an understanding of the mechanism by which these shifts produce their effects on contraction of this muscle.
